A solvent wash procedure employing tetramethylammonium hydroxide (TMAH) as an alternative to sodium carbonate was investigated in order to minimize the volume of radioactive waste resulting from solvent regeneration in the Purex process.
INTRODUCTION
The extraction solvent in the Purex process, usually 30% tributyl phosphate (TBP)-70% dodecane, undergoes degradation when in contact with nitric acid or when exposed to intensive radiation in the first cycle of nuclear fuel reprocessing (1) .
The main degradation product of TBP is dibutyl phosphate (DBP). The DBP complexes with Zr, Pu and other metal ions (2) . Before returning the solvent to the extraction process, the degradation products and metal ions must be removed by solvent wash process (3) .
Liquid waste solutions resulting from the solvent wash process constitute the main portion of intermediate level liquid waste, and they are generated continuously in the process (4) . The most common solvent wash reagent utilized in the past has been sodium carbonate solution.
Its principal drawback is the large quantities of stable salts produced which must be handled as nuclear waste.
Alternative approaches based on the use of hydrazine (4) hydroxides which have an alkalinity as strong as that of sodium hydroxide are organic alkaline species, decomposing above 125dc. These compounds were considered to have possibility for use as an alternative solvent wash reagent. Then, performance was tested using tetramethylammonium hydroxide (TMAH; Fig. 1 ) which has the smallest alkyl groups and then the least gas generation on decomposition.
In this paper, the experimental results dealing with wash effectiveness on 30% TBP-70% dodecane solvent containing Zr-DBP complex are reported. II . EXPERIMENTAL
Sample Preparation
The TBP used for preparation of 30% TBP-70% dodecane was analytical reagent grade (Wako Chemical Ind.). It was washed once with 1 N Na2CO3 solution and twice with pure water to remove DBP and other impurities.
Reagent grade DBP (Tokyo Chemical Ind.) used was determined to have a purity of 99.0% based on 31P NMR and total phosphorus content analysis (7) .
The simulated extraction solvent containing Zr-DBP complex was prepared as follows. The TBP was added to 30% TBP-70% dodecane to give a concentration of 115 mg/1. This solvent was treated with 3 N nitric acid solution which contained 500 mg/l Zr in order to form Zr-DBP complex in the solvent. This DBP concentration corresponds to 0.05% degradation of TBP which is almost the maximum value found for an LWR fuel reprocessing plant (1) .
The wash solutions were obtained by dilution from reagent 1 N Na2CO3 and 10% TMAH (Wako Chemical Ind.) and calibrated by neutralization titration. Tetramethylammonium carbonate (TMAC) solution was prepared by bubbling CO, through the TMAH solution. Tetramethylammonium oxalate (TMAO) solution was prepared by adding oxalic acid to TMAH solution. The concentration range of these wash solutions was 0.01-1 N.
2. Procedure For the evaluating wash efficiency, 50 ml of the solvent containing Zr-DBP complex prepared by the above mentioned method and 50 ml of the wash solution were put into a separatory funnel and shaken for 20 min. This time had been determined by preliminary experiments as sufficient to reach equilibrium. After settling, the water phase and organic phase were collected separately and the Zr concentration was measured by an inductively coupled plasma emission spectrometer (ICP). The concentration of DBT in the organic phase was evaluated from the Zr concentration after 20 ml of washed organic phase and 20 ml of 3 N HNO3 solution containing 150 mg/l Zr were shaken in the separatory funnel. The relation between DBP and Zr concentration was determined in similar conditions beforehand.
In order to investigate the interaction between the wash reagents and DBP, chemical shifts of 31P NMR spectra were measured on the alkaline hydroxides, sodium carbonate and TMAH solution containing 4 g/l of DBP. All spectra were obtained on a Hitachi R-90H FT-NMR spectrometer with 2D external lock operating at 36.4 MHz in a field of 2.114 T. In these experiments, chemical shifts were referred to a capillary tubecontaining P4O6 as external standard and determined by the following equation (8) ( 1) where v0 (Hz) is the resonance frequency of the observed line and uR (Hz) the resonance Tetramethylammonium ion distribution ratio to the solvent and TBP distribution ratio to the wash solutions were measured by gas chromatography.
In order to examine the decomposition character of TMAH, a thermal decomposition curve was measured by a differential thermal analysis-thermogravimetry simultaneous technique (DTA-TG) on tetramethylammonium hydroxide pentahydrate (TMAH • 5H2O).
III. R ESULTS AND DISCUSSION

Effects of Nitric Acid
Relative complexing ability by DBP of metal ions in fuel reprocessing solution appears to be in the following orderm :
The formation constant of the Zr-DBP complex is much greater than that of the other metal ions. The retention of Zr in the solvent has been used as an index of the solvent degradation degree (10) this concentration, the decontamination ratios are sufficient, and more than 95%. Low decontamination ratios below about 0.5 N is due to decrease of alkalinity of wash solution with nitric acid contained in the solvent. Actually, titration analysis confirmed the existence of 0.52N nitric acid. This concentration corresponds to the decontamination ratio drops in Fig. 2 . Low decontamination ratios below about 0.5 N is due to neutralization of alkalinity of the wash solution with nitric acid. Alkalinity of wash solution is considered to play an important role in removal of DBP (5).
Then, the wash effect was examined using nitric acid added wash solutions in order to confirm that the decontamination ratio drop is caused by the neutralization of wash solution alkalinity on passing of nitric acid from the solvent. The solvent used was previously washed three times by equal volumes of pure water after mixed with nitric acid solution containing 500 mg/l Zr in order to remove nitric acid completely from solvent. The result is shown in Fig. 3 . The decontamination ratio drop also occurs here when nitric acid concentration equals the wash reagent's. These results confirm that wash ability of Na2CO3 or TMAH is impaired by neutralization with acid.
On the lower concentration side in Fig. 2 , the decontamination ratios gradually increase However, that of Fig. 3 is almost 0%. This behavior can be explained by the existence of free Zr in the solvent without reextraction by pure water.
The free Zr distribution coefficient to the aqueous phase must increase on the low pH side(12) which means a high nitric acid concentration.
However, the reextraction procedure should remove free Zr from solvent and retain only Zr-DBP complex. The decontamination ratio is not considered to correspond to the Zr-DBP complex, but only free Zr. This means that low pH wash solution which is contaminated with nitric acid cannot act to Zr-DBP complex.
2. Wash Mechanism In the previous section, it was shown that alkalinity of wash solution plays an important role for removal of Zr-DBP complex from solvent. However, the wash mechanism of DBP and metal-DBP complex has not been clarified. Goldacker et al. (4) suggested the following reaction equations :
However, these equations cannot explain the pH dependency described in the previous section. Therefore, the interaction between DBP and wash reagents was studied. Fig. 4 . In all spectra only a single peak split into a quintet by 31P-1H coupling interaction is seen. If there are several equilibrium species in the sample, the spectrum should be observed as a single averaged peak between each equilibrium species(7). In NaOH, Na2CO3 and KOH solutions, chemical shifts of DBP agree and are constant above the equivalence point for DBP. In aqueous solution, undissociated DBP (HDBP) and dissociated DBP (DBP-) are in equilibrium. ( 4 ) The chemical shift of DBP in Na2CO3 solution is a little lower than that in NaOH and KOH solutions due to the pH reduction effect of CO2-3 ion below the equivalence concentration for DBP. Chemical shift increases below the equivalence concentration must correspond to the dissociation of HDBP. Therefore, the chemical shift value -111.47 ppm which is a constant value above the equivalence alkaline concentration must correspond to that of DBP-itself. These results suggest that there is no interaction between Na or K and DBP in alkaline solution as expected from Eq. ( 2 ). These alkaline solutions cause only dissociation of HDBP and conversion to DBP-which easily passes into the aqueous phase from the organic one.
However, the chemical shift in TMAH solution indicates quite different behavior from the others.
The chemical shift in TMAH As only a single quintet is observed in the 31P NMR spectrum , the exchange rate between DBP-and TMA+ • DBP-is very rapid (>2.5 kHz). The typical reaction in ordinary alkaline solutions is dissociation of HDBP to DBPwhich easily passes to the aqueous phase, however for TMAH solution, these must be not only dissociation, but also complexation with the formed DBP-. However, this complexation needs previous formation of DBP-. Moreover, its complexation constant is very low ; it is estimated as 0.49 m-1 from Fig. 5 using Eq. ( 5 )(13). Therefore, the effect which this complexation reaction has on the wash efficiency is almost negligible.
The above mentioned results indicate that the alkaline solutions cause the dissociation of HDBP. Then, the effect on Zr-DBP complex was investigated using Zr-DBP complex prepared by mixing DBP and zirconylnitrate solution. The 31P NMR spectra of the samples when Zr-DBP complex is dissolved in 0.5 M NaOH and TMAH solution are shown in Fig.  5 (a) and (b). Also in these spectra, the single peak is split into a quintet by the 31P-1H coupling interaction.
The chemical shifts of these spectra agree with that in Fig. 4 . This suggests that the alkaline solution's effect on Zr-DBP complex is also essentially dissociation of Zr-DBP complex and formation of DBP-.
3. Effects of Anions Alkalinity of wash solution is considered to play an important role in removal of DBP. On the other hand, CO2-3 ion in Na2CO3 solution is considered not to have any direct interaction with DBP. The main role of anion such as CO2-3 is to prevent formation of metal precipitate.
Actually, use of NaOH solution causes a Zr precipitate to form. It is desirable that it can form soluble Zr complex in the wash solution. Table 1 shows the solubility of Zr in several wash solutions. The large solubility of TMAO seems to be due to complexing ability of oxalate ion with Zr(14). In order to examine the effect of these anions on wash efficiency, a series of experiment was conducted with TMAH, TMAC and TMAO following the same procedure as in case of Fig. 2 . Results are shown in Fig. 6(a) for Zr decontamination ratio and Fig. 6(b) for DBP decontamination ratio. The TMAO indicates a high Zr decontamination ratio, close to 100%, even at 0.01 N. Such behavior is considered to result from its strong complexing ability of oxalate ion. Although Zr is considered to complex with DBP in the solvent, a strong complexation reagent like oxalate could pull out Zr from the Zr-DBP complex to form a water soluble Zr complex.
For TMAO, the decontamination ratio of DBP decreases sharply at 0.01 N in spite of the high decontamination ratio of Zr. For TMAH and TMAC, the behavior of DBP resembles the behavior of Zr. In this case, DBP is eliminated from the solvent and then Zr moves to the aqueous phase ; Zr by itself has been reported to move easily to the aqueous phase from TBP-dodecane solvent (15) . However, the complexing ability of oxalate ion is so strong that the ion acts directly on the Zr-DBP complex to form Zr-oxalate complex which passes to the aqueous phase. In Figs. 6(a) and (b) , there occurred the decontamination ratio drop at about 0.5-0.6 N for TMAH and TMAC wash solutions as shown in Fig. 2 . On the other hand, the decontamination ratio of TMAO maintains a high value, irrespective of neutralization of alkalinity. This result can be explained as a contribution from the strong complexation ability of oxalate ion. As a part of the HDBP dissociates into DBP-in low pH solution, HDBP must dissociate, in the long term, and then formed DBP-is rapidly eliminated from organic solvent to the aqueous phase. Therefore, the decontamination ratio of DBP maintains a high value above 0.01 N in Fig.  6(b) . Below 0.01 N, complete dissociation of HDBP does not occur within a finite mixing time because OH-concentration in the wash solution is too low. However, only Zr can be eliminated from solvent by strong complexation of oxalate ion.
The decontamination ratio of Zr was measured for various pH wash solutions in which pH was controlled by addition of nitric acid. The results are shown in Fig. 7 . Dissociation of Zr-DBP complex requires a high pH above at least 7 when wash solutions do not contain oxalate ion. Therefore, addition of oxalate ion is effective in order to extend the lifetime 
Effects on Other Processes
The Fig. 9 . The measurement was performed in air, the decomposition reaction is endothermic below about 150dc and exothermic above that. At about 200dc, TMAH• 5H2O decomposes completely and no solid residue is observed after the measurement.
This indicates that TMAH itself is completely decomposed at a relatively low temperature.
As impurities in spent wash solution like DBP and Zr are less than 1%, a large volume reduction of spent TMAH wash reagent can be realized by pyrolysis.
IV . CONCLUSIONS
Based on experimental results, it was concluded that tetramethylammoniurn hydroxide (TMAH) base wash solutions had wash effectiveness for Zr-DBP complex comparable to that of Na2CO3 solution. The cleanup of DBP depended mainly on dissociation of Zr-DBP complex and there was no remarkable difference between various wash reagents. Although carbonate ion had hardly any affect on wash efficiency, oxalate ion could dissociate Zr-DBP complex and enhance wash efficiency. The mutual distribution between TMAH solution and 30% TBP-70% dodecane is sufficiently low. The TMAH can be decomposed by heating at about 200dc. Therefore, TMAH base wash solutions are considered as a promising saltfree wash solution.
